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An experimental investigation was conducted Co examine
the effects of inlet air swirl and secondary gas injection
on the combustion properties in a solid fuel ramjet. Tests
were conducted with both HTPB and PMM fuels in order to
obtain general results. The swirl tests were conducted at
high and low air mass fluxes with equivalence ratios less
than unity. Swirl was found effective for increasing the
fuel regression rate but the magnitude was highly dependent
upon motor geometry, fuel type and operating environment.
The gas injection tests included hydrogen at low equivalence
ratios, and nitric oxide and nitrous oxide at high
equivalence ratios. Secondary injection generally resulted
in increases in combustion pressure in agreement with
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I. INTRODUCTION
With weapon systems becoming more advanced there is a
need for a tactical missile propulsion system capable of
providing longer missile ranges without increasing weight or
volume. Currently the principal propulsion system used in
tactical missiles is the solid propellant rocket. A solid
fuel ramjet (SFRJ) can deliver higher fuel efficiency and
specific impulse than a solid propellant rocket since it
uses inlet air as a source of oxygen. The rocket must carry
its own oxidizer, which adds weight and uses valuable fuel
loading space. A relatively simple ramjet design consists of
an air inlet, a combustor and an exhaust nozzle. The ramjet
does not require a mechanical compressor, but supersonic
speeds are required for effective compression of intake air.
Various fuel grain designs are possible including addition
of an integral boost grain to eliminate the need for a
separate booster. Since the fuel is fully contained in the
combustor there is no need for a separate fuel tank and
associated delivery and control systems. Figure 1
illustrates the basic SFRJ.
A disadvantage of the SFRJ is its limited ability to
meet varying operational envelopes of altitude and Mach
number without significant combustor modifications. Although
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supersonic speeds, increased diffuser and combustion
performance are realized at high supersonic speeds. The SFRJ
is therefore best suited for these higher Mach numbers.
Inside the combuscor the gases near the surface of the
fuel are fuel-rich and the gases near the center of the port
are air-rich. Combustion efficiency can be increased by
appropriately mixing these gases. One method used to promote
mixing is the use of bypass air, where part of the inlet air
is dumped into an aft mixing chamber. The bypass air enters
the aft mixing chamber at high angles to the flow of
combustion gases to facilitate mixing. Although combustion
efficiency may be increased, undesired flow coupling could
exist, causing pressure oscillations in the combustor/inlet
.
The SFRJ is self-throttling since the fuel regression
rate (f) is dependent on the air mass flux through the
engine. Although the SFRJ generally provides good
performance, limited fuel control allows only small
variations in altitude to maintain optimum fuel-air ratio.
The relation for f is generally given by
• k rpin r nr - a p I . GK c 1
where a = constant
p = chamber pressure
G = mass flow per unit area in the fuel port
T. = inlet air temperature
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Typical values for the exponents are:
k : 0.1 •- 0.3
m : 0.3 - 0.7
n : 0.3 -- 0.6
Changes in f can greatly influence the propulsive thrust
and combustion efficiency of the SFRJ. As the air flow
changes, so does r, but to a lesser extent. Control of the
air flow through the fuel port could be accomplished with
the use of variable bypass, although the added complexity of
such a system may not be desired. One alternative could be
the use of variable inlet air swirl.
Campbell [Ref. l] investigated the use of inlet air
swirl on HTPB fuel as a means of controlling regression
rate. He found that r increased significantly for small
amounts of swirl when the equivalence ratio was greater than
unity, but larger amounts of swirl had less effect. With
inlet swirl, the air flow through the port has an angular
component, which may increase the residence time of the flow
by increasing the effective length of the combustion
section, and may increase fuel-air mixing. Thus, combustion
efficiency may be increased with swirl but the thrust can be
adversely effected by the loss in axial momentum.
Ko [Ref. 2] investigated the secondary injection of air,
oxygen and gaseous fuel into the combustor as a possible
means of thrust augmentation. He concluded that secondary
13
injection did noC have a significant effect on r, but
injection of oxygen and gaseous fuel could have a strong
influence on combustion pressure/thrust.
In the combustion process there may be unburned carbon
in the form of soot exiting the fuel grain section. A gas
rich in oxygen could be injected into the combustion
process, enhancing the burning of this excess carbon. If the
equivalence ratio is less than unity, there is excess oxygen
in the motor. If a gaseous fuel is injected, it could burn
with this excess oxygen. Both of these processes could
increase combustion pressure and thrust. Such processes
could be used to provide increased thrust at critical points
in flight, such as at take-over from boost.
In this investigation two series of tests were conducted
to help clarify earlier results. One series of tests was
conducted to examine the effects of inlet swirl using PMM
fuel at low G and HTPB fuel at low and high G. A second
series was conducted to examine the effects of nitrous oxide
and nitric oxide injection in the presence of soot and
hydrogen injection in the presence of excess oxygen.
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II. DESCRIPTION OF APPARATUS
A. RAMJET MOTOR
The ramjet motor used in this investigation has been
used at the Naval Postgraduate School in earlier
investigations [Refs. 1 and 2]. Figure 2 is a schematic of
the SRFJ assembly. Inlet air from the plenum dumps is turned
90 degrees by a wedge in the head-end. There are radially
oriented ports at the face of the inlet step for injection
of ignition gas and the igniter torch. The step insert is
interchangeable to allow different inlet configurations. A
modified step inlet with a tube-in-hole injector [Ref. l]
was used for the swirl tests. Figure 3 shows the step insert
and tubes used for the swirl tests. Another step insert
shown in Figure 4, with injection ports on the step face
[Ref. 2], was used for gas injection into the recirculation
zone
.
The fuel grain section consisted of either
polymethylmethacrylate (PMM) or HTPB fuel. These grains were
cylindrically perforated with various diameters and lengths.
The fuel grain was held in place between the head-end and
aft mixing chamber by threaded rods. Gas injection in the
fuel grain section downstream of the recirculation zone was
accomplished using a side wall injection ring [Ref. 2] as
illustrated in Figure 5. The aft mixing chamber, which
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consists of stainless steel sections, provided inlets for
bypass air and gas injection and a chamber pressure tap.
Photographs of the thrust stand and SFRJ assembly are shown
in Figure 6.
B. AIR AND GAS SUPPLY AND CONTROL SYSTEM
Figure 7 is a schematic of the SFRJ air and gas supply
system. The primary inlet air pressure was set using a
remotely controlled dome loader with the air flow being
controlled by a sonically choked nozzle. Methane was used in
the vitiated air heater with make-up oxygen being injected
downstream. Ethylene was used for the ignition gas and the
purge gas was nitrogen. The tests were initiated from the
control room using the Hewlett-Packard 9836S Computer and
3054A Data Acquisition/Control system to automatically
sequence the solenoid-operated valves for primary air,
ignition and purge gas. Ignition of the air heater and fuel


































Figure 3. Step Insert and elements for Inlet Air Swirl
Figure 4. Step Insert for Gaseous Face Injection
18
Figure 5. Injection Ring for Side Wall Injection

































Prior to each days runs the pressure transducers were
calibrated to the maximum expected operating pressure using
a dead-weight tester. The thrust load cell was calibrated
using a weight tray attached to the thrust stand with a
cable/pulley. A calibration constant for each transducer
(Kp), used in data acquisition during the runs, was
determined by reading the voltage outputs from the
transducer at atmospheric pressure and at maximum pressure.





where V = voltage reading at maximum pressurepmax & & r
V = voltage reading at atmospheric pressure
P = Maximum applied pressure
max rr r
B. DATA EXTRACTION
A Honeywell 1508 Visicorder was used to record thrust
(F), chamber pressure ( P )
,





heater fuel pressure ( P,
^
) , heater oxygen pressure (Pu Q ) ar>d
ignition gas pressure (P. ) from the transducers. A
Hewlett-Packard 9836S Computer and 3054A Automatic Data
21
Acquisition/Control System were also used Co record and
process all pressure, temperature and thrust digital data.
C. REACTING FLOW TESTS
The air flow was set by the remotely controlled dome
loader for the primary air. The flow passed through a sonic
choke with pressure and temperature being measured. The flow
rate was calculated using the one dimensional continuity
equation for a perfect gas.
w/ R
* "
Cd P tAV RTt S^l
where C, is the discharge coefficient which was assumed to
be 0.97.
The fuel grains were ignited by an oxygen/ethylene torch
with ignition gas being injected into the recirculation
zone. Each run was terminated by stopping the primary air
flow through the motor and purging for three seconds with
nitrogen
.
Prior to each run the weight, internal diameter and
length of the fuel grain were obtained. Upon completion of
the run, the fuel grain was removed and weighed. The burn
time, average chamber pressure and average thrust were
obtained from the Visicorder trace. By subtracting the final
weight from the initial weight, the mass of the fuel burned
was determined. The average fuel mass flow rate was found by
dividing the mass burned by the burn time.
22
The final average internal diameter of the fuel grain
was calculated based on weight loss and length by using








Average values of the mass flow rates for primary air,
heater fuel, heater oxygen and ignition gas, along with the
air inlet temperature were calculated from the digital
output for the run.
The mass flow rates obtained for each run, along with
inlet air temperature and chamber pressure were used as
inputs into the Naval Weapons Center ( NWC ) China Lake, Ca
.
,
Propellant Evaluation Program (PEPCODE) to obtain the
theoretical adiababic combustion temperature and combustion
gas properties (^and R). The temperature-rise combustion
efficiencies based on chamber pressure and thrust were
calculated using these values. Ko [Ref. 2] gives a complete
explanation of the procedures used in calculating the
efficiencies
.
For the series of tests using gas injection a remotely
controlled solenoid valve was used to turn on and off the
injection gas flow during the run. The changes in average
chamber pressure and thrust were noted on the Visicorder,
23
corresponding with the addition of the injection gas. The
expected change in pressure for equilibrium combustion was
obtained by calculating values for the chamber pressure
using the choked flow equation based on the total mass flow,
throat area and the equilibrium combustion gas properties
from PEPCODE (T h ,/and R) for each run with and without the
injection gas.
24
IV. RESULTS AND DISCUSSION
A. INLET AIR SWIRL
Tests were conducted using HTPB fuel with high G (0.5)
and low G (0.25) and PMM fuel at low G (0.2). For the low G
cases, a 0.92 inch diameter inlet with a tube-in-hole
injector with either no vanes or swirl vane angles of 15 or
30 degrees was used (Fig. 3). For no swirl, a straight tube
was used in which approximately 70 % of the airflow passed
through the tube. Because of blockage by the blades, the air
flow through the swirl elements dropped to approximately 56
7o with 15 degrees vane angle and 46 7 with 30 degrees vane
angle. For the high G cases, a 1.125 inch diameter inlet
with a tube-in-hole injector with either no vanes or swirl
vane angles of 15 degrees was used. This larger inlet was
necessary because of excessive blockage with the smaller
inlet, resulting in the flow being choked through the inlet
during the hot firing.
For this series of tests, the fuel grains were sized to
give an equivalence ratio (C ) between approximately 0.6 and
0.8. Earlier tests conducted by Campbell [Ref. 1J were at
equivalence ratios much greater than 1.0. Table 1 lists the




Measured quantities for each run are given in Tables 2
and 3. A plot of the regression rate vi swirl vp.ne angle for
HTPB fuel is given in Figure 8 together with the earlier
results obtained by Campbell. A plot of the regression rate
vs swirl vane angle for PMM fuel is given in Figure 9. The
effects of swirl on regression rate seemed to be influenced
by several factors, including length of the fuel grain, the
ratio of inlet diameter to port diameter and the equivalence
ratio.
For the HTPB fuels, the tests at low G were similar to
those conducted by Campbell [Ref. l]. The regression rate
increased slightly with 15 degrees, but increasing the vane
angle to 30 degrees had little additional effect. The tests
conducted by Campbell showed more of an increase in
regression rate. This difference could have been due to the
higher equivalence ratio and longer grain lengths. This
would indicate that the swirl effects on r occur primarily
at significant distances downstream of the reattachment
point. The swirl had little effect on the combustion
efficiency, possibly due to dissipation downstream. At high
G there was also little effect on r with 15 degrees of
swirl, although only approximately 30 % of the air flow
passed through the swirl element because of the larger inlet
diameter
.
For the PMM fuels the effects of swirl on r varied with
port diameter. With a 1.5 inch diameter port, the
26
regression rate actually decreased with 15 degrees swirl.
When the port diameter was increased to 1.75 inches, r
increased slightly with 15 degrees swirl, and when
increased to 2 inches there was a larger effect. There were
no successful firings with 30 degrees swirl with PMM,
probably due to the large inlet-to-port diameter ratio. As
with the HTPB fuel, there was little effect on the
combustion efficiency with swirl.
Since the different parameters for each run (T. , G and
P ) were not constant for each firing, the regression rate
was "corrected" to a base condition for comparison. For HTPB
the relation for r is given by
r = k G* 53 P* 23 T* 71 L* 2
Since there was a radial component of the inlet airflow,
there was a loss in the axial momentum of the airflow. This
could result in a decrease in thrust if the center flow is
maintained at the swirl angle through the exhaust nozzle.
For a 15 degree swirl angle using the 0.92 inch inlet, this
would lead to approximately a 15 X drop in thrust and,
therefore, a significant drop in combustion effeciency based
on thrust. This drop did not occur, probably due to the
swirl flow dissipating in the aft mixing chamber.
These results indicate that swirl can be used to
increase the fuel regression rate for specific fuels with
specific geometries and operating conditions. However, the
27
observed wide variation in the effects of swirl indicate
that it will not be a simply applied method of regression
rate control.
B. GASEOUS INJECTION
Tests were conducted with both PMM and HTPB fuels at
various equivalence ratios. Table 4 presents a summary of
the data for each hot firing. A plot of the measured
increase in chamber pressure obtained with secondary gas
injection, compared to the expected change in pressure for
equilibrium adiabatic combustion is given in Figure 10. Also
shown are some of the earlier results obtained by Ko [Ref.
2].
For H~ injection there was a large increase in P and
thrust, with the strongest effect occuring with head-end
injection and < < 1. In order to verify the expected
dependence on 0, one firing was conducted at > 1, which
resulted in little change in P . However, there was a
visible increase in soot exiting from the motor, indicating
the hydrogen was replacing the carbon in the combustion
process
.
N~0 and/or NO have received attention in liquid
hydrocarbon combustion as possible enhancers/catalysts for
soot combustion. For N~0 injection at the head-end and inlet
step with PMM fuel, the increase in P was slightly higher
than that expected from equilibrium combustion, indicating
28
some enhanced conversion of C/CO. However, this enhancement
did not appear to vary with equivalence ratio and there was
no evidence of enhancement with HTPB fuel. HTPB produces
significantly more soot than PMM, indicating that enhanced
soot consumption was not occuring to any major degree.
For NO injection with HTPB fuel, the increase in P was
less than expected from equilibrium combustion, indicating
no effect on the soot present. In fact, it may have been
detremental to combustion.
In summary, secondary injection of H
?
into the SFRJ
results in the expected equilibrium-adiabatic increase in
pressure/thrust. This could be a viable method for
augmenting thrust of the SFRJ at critical points in the
operating envelope (such as take-over from boost), allowing
the motor design to be tailored to provide higher
performance over the balance of the operating envelope. N~0


























































































































SWIRL TEST RESULTS—MASS FLOW RATES (LBM/SEC)






HTPB-1 0.582 0.0339 0.0234 0.0068 0.0039 0.646
HTPB-2 0.611 0.0356 0.0256 0.0074 0.0044 0.679
HTPB-3 0.605 0.0376 0.0370 0.0081 0.0035 0.688
HTPB-4 0.562 0.0373 0.0304 0.0072 0.0037 0.637
HTPB-5 0.590 0.0336 0.0284 0.0070 0.0038 0.659
HTPB-6 0.595 0.0379 0.0258 0.0079 0.0040 0.667
HTPB-7 0.633 0.0338 0.0253 0.0074 0.0044 0.700
HTPB-8 1.189 0.0629 0.0620 0.0146 0.0070 1.329
HTPB-9 1.231 0.0643 0.0417 0.0141 0.0090 1.351
PMM-1 0.357 0.0286 0.0158 0.0045 0.0026 0.406
PMM-2 0.467 0.0368 0.0246 0.0055 0.0035 0.534
PMM-3 0.627 0.0547 0.0311 0.0077 0.0040 0.721
PMM-4 0.351 0.0260 0.0158 0.0043 0.0025 0.397
PMM-5 0.470 0.0397 0.0265 0.0059 0.0036 0.542
PMM-6 0.642 0.0562 0.0322 0.0076 0.0041 0.738
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TABLE 3
SWIRL TEST RESULTS--COMBUSTION PROPERTIES








air T F .air
(°R) i'psia) ( psia ) (lbf
)
(lbf)
HTPB-1 1.2526 53.15 1124 117 59 88 39
HTPB-2 1.2524 53.16 1107 123 62 91 38
HTPB-3 1.2496 53.12 1136 128 62 95 39
HTPB-4 1.2471 53.17 1151 123 60 89 36
HTPB-5 1.2537 53.14 1126 122 62 91 39
HTPB-6 1.2482 53.24 1149 121 61 89 35
HTPB-7 1.2567 52.99 1104 125 64 93 39
HTPB-8 1.2567 53.14 1187 107 57 166 78
HTPB-9 1.2572 53.19 1158 110 59 169 76
PMM-1 1.2585 53.17 1019 102 51 49 20
PMM-2 1.2599 53.08 1032 138 69 68 29
PMM-3 1.2534 53.10 1165 125 63 95 44
PMM-4 1.2649 53.17 991 97 48 45 19
PMM-5 1.2560 53.07 1045 143 69 71 28










(°R) (7c) c (7.)
HTPB-1 0.0226 0.751 3954 98.5 97.7
HTPB-2 0.0235 0.754 3940 94.7 89.0
HTPB-3 0.0249 0.788 4045 98.3 94.7
HTPB-4 0.0245 0.847 4197 102.8 94.9
HTPB-5 0.0241 0.730 3892 104.2 101.7
HTPB-6 0.0251 0.821 4129 90.5 85.0




HTPB-9 0.0267 0.681 3768 93.3 83.8
PMM-1 0.0099 0.632 3467 99.1 85.0
PMM-2 0.0113 0.617 3437 96.7 92.0
PMM-3 0.0142 0.685 3725 94.2 93.5
PMM-4 0.0089 0.583 3187 91.1 86.0
PMM-5 0.0118 0.659 3571 96.9 93.9
PMM-6 0.0151 0.687 3740 101.0 102.0
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TABLE 4
SUMMARY OF GASEOUS INJECTION TESTS
Run # m m Injection APc APc
air inj Location Pc Pc
equl
(lbm/sec) (lbm/sec) (7.) (7.)
7.5 7 N~0 Injection
PMM-7 0.270 0.0212 1.010 inlet step 11.3 5.0
PMM-8 0.274 0.0212 0.959 6" past step 8.9 6.6
PMM-9 0.345 0.0275 1.140 head end 14.9 10.0
PMM-10 0.365 0.0275 1.144 aft mix 10.4 10.0






























2 7o H~ Injection
PMM-12 0.279 0.005 0.481 inlet step 31.6 36.0
PMM-13 0.365 0.007 0.769 head end 16.0 11.5
PMM-14 0.358 0.007 0.783 aft mix 10.5 11.5
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Figure 10. Percent Change in Chamber Pressure;
Actual vs Equilibrium Adiabatic Combustion.
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V. CONCLUSIONS AND RECOMMENDATIONS
This investigation verified that regression rate
generally does increase with inlet air swirl, although the
extent of the increase appears to be dependent on the
equivalence ratio, grain length and inlet diameter to port
diameter ratio. It is therefore concluded that inlet air
swirl could only be used effectively for specific geometries
and operating conditions.
In general, the use of gaseous injection led to small
increases in combustion pressure with the exception of
hydrogen. When small amounts of hydrogen were injected with
equivalence ratios less than unity, a substantial increase
in pressure and thrust were realized. Hydrogen injection
could be used for thrust augmentation during critical points
in the operating envelope (such as take-over from boost).
36
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